Introduction {#sec1}
============

Chimeric antigen receptor (CAR) T cell therapy has emerged as a promising curative cancer immunotherapy, with CD19-targeting CAR T cells having achieved durable remissions in the setting of therapy-resistant B cell malignancies.[@bib1] Translating these successes to solid tumors is arguably the most pressing challenge facing the field.[@bib2]

Solid tumors present several challenges for effective CAR T cell therapy, which have limited the success of efforts to date. For one, solid tumors are often populated with myeloid-derived suppressor cells that contribute to an immunosuppressive, anti-inflammatory microenvironment that can inhibit T cell function and proliferation.[@bib3] Second, although lineage-restricted antigens such as CD19 are uniformly expressed and B cell aplasia is a clinically manageable phenotype, identifying solid tumor CAR targets that are both uniformly and selectively expressed on malignant cells to prevent "off-tumor, on-target" toxicities has proven problematic.[@bib4] Moreover, CAR T cell recognition of target cells is highly dependent on antigen density, suggesting that even solid tumors that do express tumor-associated targets may still be unresponsive to therapy should they express low levels of antigen.[@bib5], [@bib6], [@bib7]

To date, efforts to overcome these challenges have primarily focused on CAR T cell potency and persistence. Combination therapies involving radiation,[@bib8] oncolytic viruses,[@bib9] and checkpoint blockade[@bib10]^,^[@bib11] have been proposed to circumvent the immunosuppressive effects of the tumor microenvironment, reverse T cell exhaustion, and prevent antigen escape. Genetic engineering has also been used to disrupt negative regulators of T cell activation[@bib12] or "armor" T cells with activation-sustaining cytokines.[@bib13]

But despite novel methods of improving CAR T cell function, little effort has been dedicated to engineering tumors for effective adoptive cell therapy, and the lack of targetable surface antigens that are selectively expressed on malignant cells remains a major unaddressed challenge. This limitation also necessitates that new CARs be designed for each new proposed antigen. CAR T cells targeting putative solid tumor antigens, including Ganglioside G2 (GD2), mesothelin, B-cell maturation antige (BCMA), prostate-specific membrane antigen (PSMA), Epidermal Growth Factor Receptor Variant III (EGFRvIII), Mucin 1 (MUC1), and New York Esophageal Squamous Cell Carcinoma-1 (NY-ESO-1), are all under active investigation.[@bib4]

To overcome the challenge of relying on endogenous solid tumor antigens, here we describe a method of selectively delivering an ectopic CAR target antigen to malignant cells using an oncolytic virus to enable a potentially universal approach to solid tumor CAR T cell therapy. Oncolytic viruses are ideal partners in this regard for the following reasons: (1) they can selectively infect and/or replicate in malignant cells to minimize delivery of the CAR target to healthy tissues;[@bib14] (2) they have been shown to reprogram the immunosuppressive microenvironment of solid tumors into one that is more conducive to T cell activity;[@bib15]^,^[@bib16] (3) they have the capacity to selectively lyse infected cells and recruit the endogenous anti-viral immune response;[@bib17] and (4) they have already demonstrated safety and efficacy in clinical trials, leading to US Food and Drug Administration (FDA) approval (talimogene laherparepvec in 2015).[@bib18]

In our proof of concept, we designed a thymidine kinase-disrupted (TK^−^) oncolytic vaccinia virus (VV) to selectively induce CD19 expression on malignant cells and thereafter treated the tumors with CD19-targeted CAR T cells. This method represents an important conceptual advance in a tumor-centric approach to CAR T cell therapy and could potentially enable a universal approach to solid tumor CAR T cell therapy that is agnostic to a tumor's native surface expression profile.

Results {#sec2}
=======

mCD19 CAR T Cells Exhibit Activity against mCD19-Positive Melanoma Cells {#sec2.1}
------------------------------------------------------------------------

To characterize the activity of primary murine CD19 (mCD19) CAR T cells against solid tumors that uniformly express mCD19, we first stably expressed mCD19 and a TurboRFP/*Renilla* luciferase (TR) fusion protein in the B16 mouse melanoma cell line ([Figure S1](#mmc1){ref-type="supplementary-material"}). Second generation murine mCD19 CAR T cells containing CD3ζ and CD28 costimulatory domains[@bib19] exhibited potent cytotoxicity against the engineered B16-TR-mCD19 cell line in co-culture assays at effector-to-tumor (E:T) ratios of 0.5 and higher as measured by bioluminescence imaging (p \< 0.0001; n = 3 for each condition) ([Figure 1](#fig1){ref-type="fig"}A). mCD19-negative B16 viability was not affected even at an E:T ratio of 4:1. Mock T cells, which were similarly activated with interleukin-2 (IL-2), IL-7, and anti-CD3/CD28 activation beads in culture, but not transduced with the mCD19 CAR, also lacked activity against either mCD19-positive or -negative B16 cells. CD19 CAR T cell toxicity was also dependent on antigen density, with a B16-mCD19~low~ cell line exhibiting a diminished response compared with a B16-mCD19~high~ cell line (p = 0.0116; n = 5 for each condition) ([Figure 1](#fig1){ref-type="fig"}B). Antigen-specific T cell cytotoxicity was confirmed by upregulation of the early T cell activation marker CD69 on both CD4 and CD8 T cells in only the properly matched B16-mCD19 + mCD19 CAR T cell condition ([Figure 1](#fig1){ref-type="fig"}C).Figure 1mCD19 CAR T Cells Exhibit Cytotoxic Activity against a B16-mCD19 Cell Line(A) Dose- and time-dependent cytotoxicity of mCD19 CAR T cells and mock T cells in *in vitro* co-cultures against either native B16 cells or a B16 cell line engineered to express mCD19. 24-h E:T = 4, p \< 0.0001, F = 49.23, R^2^ = 0.9486 by ANOVA; 48-h E:T = 4, p \< 0.0001, F = 49.65, R^2^ = 0.9490 by ANOVA. n = 3 independent cultures for each combination, E:T ratio, and time point. (B) Antigen density-dependent mCD19 CAR T cell cytotoxicity against low- and high-mCD19-expressing B16 cell lines at 24 and 48 h of co-culture (n = 5 independent cultures with each cell line, p = 0.0116, t = 3.258, degrees of freedom (df) = 8 by two-tailed unpaired t test). (C) CD69 is upregulated only in antigen-matched co-cultures for both CD4 and CD8 T cells. (D) mCD19 CAR T cells significantly delay B16-mCD19 tumor progression *in vivo* (left) and confer a survival benefit relative to antigen-mismatched therapy groups. Day 8 tumor volume: p \< 0.0001, F = 19.14, R^2^ = 0.7322 by ANOVA. Kaplan-Meier survival curve: p = 0.0011, df = 2, chi-square = 13.58 by Mantel-Cox test. Number of independent mice in each group is as follows: n = 5 (B16 + CAR), n = 6 (B16-mCD19 + mock), and n = 6 (B16-mCD19 + CAR). Data are shown as mean ± standard error of the mean (SEM). Asterisks indicate statistical significance: ∗p \< 0.05.

To assess the solid tumor activity of mCD19 CAR T cells *in vivo*, we established orthotopic, syngeneic models of B16 and B16-mCD19 melanomas and treated the tumors with either intratumoral mCD19 CAR T cells or mock T cells immediately following a sub-lethal lymphodepletive regimen of 5 Gy total body irradiation (TBI) previously shown to be necessary for CD19 CAR activity in immunocompetent models.[@bib19] Similar to the *in vitro* findings, the antigen-matched therapy group exhibited delayed tumor growth in all mice and completely eliminated the tumors in 33% of the mice (p \< 0.0001; B16 + CAR: n = 5, B16-mCD19 + mock: n = 6, B16-mCD19 + CAR: n = 6) ([Figure 1](#fig1){ref-type="fig"}D). A single intravenous injection of CAR T cells was not an effective therapeutic approach even for antigen-positive tumors ([Figure S2](#mmc1){ref-type="supplementary-material"}). Together, the data suggest that mCD19 CAR T cells can exhibit potent activity in solid tumors engineered to express ectopic mCD19.

Recombinant VV Can Deliver mCD19 to Malignant Cells {#sec2.2}
---------------------------------------------------

In order to selectively express an ectopic surface protein to malignant cells, we generated recombinant VVs with transgenes inserted into the viral TK locus. TK-disrupted VV is reliant on cellular TK for replication and can selectively propagate in tumor cells given their higher rates of nucleotide turnover.[@bib20] We designed both a control (Ctrl) oncolytic VV (Ctrl VV) expressing firefly luciferase (Fluc) and yellow fluorescent protein (YFP),[@bib21] as well as a version also encoding for mCD19 (mCD19 VV) ([Figure 2](#fig2){ref-type="fig"}A). Efficient VV replication in B16 cells was confirmed by time- and dose-dependent expression of Fluc, YFP, and mCD19 ([Figures 2](#fig2){ref-type="fig"}B and 2C), with up to 75% of cells expressing mCD19 at 48 h of culture with virus at a multiplicity of infection (MOI) of 1. Despite detectable transgene expression, the oncolytic virus did not induce significant cell death at an MOI of 0.01 or 0.1, highlighting the therapeutic limits of oncolytic virotherapy as a single agent ([Figure 2](#fig2){ref-type="fig"}B).Figure 2Design and Validation of Recombinant Vaccinia Viruses(A) Design of Ctrl and mCD19 oncolytic vaccinia viruses (VVs). (B) Time- and dose-dependent expression of Fluc (left) and lytic activity (right) in B16 cells after infection with mCD19 VV. (C) Time- and dose-dependent expression of YFP and mCD19 in B16 cells infected with mCD19 VV. Data are shown as mean ± SEM. GPT, guanine phosphoribosyltransferase; p7.5, vaccinia 7.5-kDa early promoter; pE/L, early/late promoter; pLEO, synthetic late-early optimized promoter.

Infection with mCD19 VV Enables Antigen-Specific mCD19 CAR T Cell Activity {#sec2.3}
--------------------------------------------------------------------------

We next aimed to show that oncolytic virus-driven expression of ectopic CAR targets could enable selective killing by antigen-matched CAR T cells ([Figure 3](#fig3){ref-type="fig"}A). Cultured B16 cells were infected with Ctrl or mCD19 VV at an MOI of 0.2 for 48 h prior to addition of either mCD19 CAR T cells or mock T cells. The toxicity profile of each type of VV or T cell as a monotherapy was also evaluated. In B16 co-cultures, the combination of mCD19 VV together with mCD19 CAR T cells exhibited the highest toxicity 24 and 48 h following addition of T cells ([Figure 3](#fig3){ref-type="fig"}B). This effect was also seen in the SB28 murine glioma cell line, suggesting the generalizability of the approach across tumor types. VV-mediated mCD19 delivery also augmented CAR T cell activity against the B16-mCD19~low~ cell line, highlighting potential uses of this approach to "boost" levels of tumor-associated surface antigen prior to therapy or as a method of overcoming antigen-low resistance. Enhanced cytotoxicity was mirrored by selective upregulation of CD69 on both CD4 and CD8 T cells in the antigen-matched combination ([Figure 3](#fig3){ref-type="fig"}C). Flow cytometry of B16 cells remaining 24 or 48 h after addition of T cells further confirmed T cell-mediated killing ([Figure 3](#fig3){ref-type="fig"}D). In the absence of T cells, both Ctrl and mCD19 VV expectedly induced expression of mCD19 and/or YFP. Addition of mock T cells did not affect these profiles, and similarly YFP expression from Ctrl VV still persisted 48 h following addition of CAR T cells. Notably, CAR T cells eliminated all mCD19^+^ and YFP^+^ cells by 48 h after co-culture with mCD19 VV-infected cells.Figure 3mCD19 CAR T Cells Eliminate mCD19 VV-Infected Tumor Cells *In Vitro*(A) Schematic of tumor-selective delivery of CAR targets by an oncolytic VV followed by selective clearance by antigen-matched CAR T cells. (B) *In vitro* co-culture studies with B16 (left) and SB28 (middle) highlight the greatest combinatorial toxicity with co-culture of mCD19 CAR T cells and tumor cells infected with mCD19 VV. Mock + CD19 VV versus CAR + CD19 VV: p \< 0.0001, t = 9.413, df = 10 (B16, 24 h); p = 0.0009; t = 4.654, df = 10 (B16, 48 h); p \< 0.0001, t = 6.993, df = 10 (SB28, 24 h); p = 0.0073, t = 3.356, df = 10 (SB28 48 h). CAR + Ctrl VV versus CAR + CD19 VV: p = 0.0272, t = 2.584, df = 10 (B16, 24 h); p = 0.0337, t = 2.459, df = 10 (B16, 48 h); p = 0.0076, t = 3.332, df = 10 (SB28, 24 h); p = 0.0377, t = 2.395, df = 10 (SB28, 48 h). n = 6 independent cultures for each combination, time point, and cell line. CAR T cell efficacy at 24 h of co-culture benefits from VV-induced augmentation in levels of mCD19 in a B16-mCD19 cell line that expresses low levels of mCD19 (right). CAR + Ctrl VV versus CAR + CD19 VV: n = 5 independent cultures for each combination, p = 0.0618, t = 2.170, df = 8. (C) Expression of the early activation marker CD69 is upregulated in the antigen-matched combination of mCD19 VV-infected B16 cells and mCD19 CAR T cells in *in vitro* co-culture. (D) The presence of CAR T cells eliminates all mCD19^+^ cells by 48 h of co-culture with mCD19 VV-infected B16 cells. Populations are shown gated on CD4^−^CD8^−^ double-negative cells. All statistical analyses were performed with unpaired two-tailed t tests. Data are shown as mean ± SEM. Asterisks indicate statistical significance: ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗∗p \< 0.0001.

Tumor-Selective Delivery of mCD19 Potentiates mCD19 CAR T Cell Killing *In Vivo* {#sec2.4}
--------------------------------------------------------------------------------

To assess our ability to force tumor expression of mCD19 *in vivo*, we injected orthotopic B16-TR tumors with three doses of 10^8^ plaque-forming units (PFUs) of mCD19 VV (days 1, 3, and 5). Doses were separated by 48 h, and YFP and mCD19 expression on TR^+^ cells from resected tumors were measured 1 day following administration of the final viral dose (day 6). Without any lymphodepletive regimen, we observed, on average, 24% mCD19^+^ and 14% YFP^+^ cells within the TR^+^ population ([Figure 4](#fig4){ref-type="fig"}A). Expectedly, rates of intratumoral T cell infection were markedly lower (T cell versus B16-TR %CD19^+^, p = 0.0042 for 0 Gy and p = 0.0014 for 5 Gy), highlighting the tumor selectivity of TK-deleted VV and minimizing concerns of potential CAR T cell fratricide.Figure 4Orthotopic Melanoma Tumors Respond to Combination Therapy *In Vivo*(A) Expression of mCD19 and YFP on B16 cells and tumor-infiltrating T cells in tumors injected intratumorally with CD19 VV. Rates of infection can be increased with a single dose of 5 Gy TBI on the day of the first virus injection. %mCD19 + TBI (n = 2 independent mice) versus no TBI (n = 3 independent mice): p = 0.0144, t = 5.126, df = 3. %YFP + TBI versus no TBI: p = 0.008, t = 6.332, df = 3. (B) Intratumoral CD4 and CD8 T cells upregulate the activation marker OX40 in the antigen-matched combination group. (C) The combination of mCD19 VV with mCD19 CAR T cells significantly delays B16 tumor progression. Fold change in tumor volume (left) and tumor volume on day 11 (right) are shown because this was the last day where all groups had ≥3 mice alive. Mock + Ctrl VV (n = 4 independent mice) versus CAR + CD19 VV (n = 5 independent mice) day 11 tumor volume: p = 0.006, t = 3.885, df = 7; mock + CD19 VV (n = 5 independent mice) versus CAR + CD19 VV day 11 tumor volume: p = 0.0031, t = 4.183, df = 8; CAR + Ctrl VV (n = 4 independent mice) versus CAR + CD19 VV day 11 tumor volume: p = 0.0051, t = 4.006, df = 7. (D) Survival curves for each combination therapy showing significant prolongation in the antigen-matched therapy. Kaplan-Meier survival curve: p = 0.0003, df = 5, chi-square = 23.33 by Mantel-Cox test. Number of independent mice in each group is as follows: n = 4 (mock only), n = 4 (Ctrl VV only), n = 5 (mock + Ctrl VV), n = 5 (mock + CD19 VV), n = 4 (CAR + Ctrl VV), n = 5 (CAR + CD19 VV). Non-survival statistical analysis was performed with unpaired two-tailed t tests. Data are shown as mean ± SEM (A) and mean ± standard deviation (C). Asterisks indicate statistical significance: ∗p \< 0.05, ∗∗p \< 0.01.

Oncolytic virotherapy as a single agent benefits from both direct lysis of infected tumor cells and recruitment of the endogenous anti-viral response. Although beneficial, this endogenous immune response can also impair viral propagation.[@bib22] Because patients receiving CAR T cell therapy undergo lymphodepletive regimens of chemotherapy or radiation to enable expansion of the adoptively transferred cells, we hypothesized that this lymphopenia may also serve an added benefit of allowing enhanced oncolytic virus spread throughout a tumor. Consistent with this hypothesis, we observed that lymphodepletion with 5 Gy TBI immediately preceding administration of the first viral dose (n = 2) markedly increased the proportion of mCD19^+^ (62%; p = 0.0144) and YFP^+^ (34%; p = 0.008) cells in the TR^+^ population compared with the no TBI group (n = 3). In this same model, we observed no significant differences in *in vivo* anti-tumor efficacy by two-tailed unpaired t test between the Ctrl (n = 5) and mCD19 (n = 4) VV, and both achieved modest delays (day 11: tumor volume Ctrl VV versus TBI only, p = 0.004; mCD19 VV versus TBI only, p = 0.0246) in tumor growth relative to the TBI-only group (n = 6) ([Figure S3](#mmc1){ref-type="supplementary-material"}).

Encouraged by the effective *in vivo* delivery of mCD19 and motivated by the limited anti-tumor efficacy of the oncolytic virus as a monotherapy, we finally examined whether mCD19 CAR T cells could be redirected to engage with B16 cells infected with mCD19 VV *in vivo*. VV was again administered as a three-dose regimen (days 1, 3, and 5), and mice were treated with 5 Gy TBI and intratumoral injection of T cells on the same day as the first virus injection (day 1). All combinations of VV (Ctrl or mCD19) and T cells (mock or CAR) were evaluated. Analysis of intratumoral T cells 2 days following the final dose of VV (day 7) showed a substantial upregulation of the activation marker OX40 on both CD4 and CD8 T cells in the antigen-matched combination therapy relative to the other treatment groups ([Figure 4](#fig4){ref-type="fig"}B). Consistent with *ex vivo* results, the antigen-matched combination also achieved a significant (CAR + Ctrl VV \[n = 4\] versus CAR + CD19 VV \[n = 5\] day 11 tumor volume; p = 0.0051) delay in tumor progression observable as early as 4 days following initiation of therapy ([Figure 4](#fig4){ref-type="fig"}C). This translated to a ∼50% increase in median survival following therapy from 17 (mock + CD19 VV) and 18.5 days (CAR + Ctrl VV) to 26 days (CAR + CD19 VV) ([Figure 4](#fig4){ref-type="fig"}D).

Discussion {#sec3}
==========

Motivated by the lack of solid tumor surface antigens that can be efficiently targeted with CAR T cells, here we described a method of tumor-selective delivery of CAR targets using an oncolytic virus to enable a potentially universal approach to adoptive cell therapy. Using CD19 as a model antigen, we showed both *ex vivo* and *in vivo* that TK^−^ VV can selectively deliver a surface antigen, which can then be targeted by cognate CAR T cells with high specificity. We further demonstrated *in vitro* that the approach is generalizable to two different cell lines and can be effective for both tumors that do not express the ectopic target or express it at low levels.

Many features of our approach are modular and warrant further investigation. Although we demonstrated a proof of concept using TK-deleted VV given its large packaging capacity (genome size ∼190 kb), ease of genetic manipulation, high immunogenicity,[@bib23] and clinical translatability,[@bib24] alternate oncolytic viruses (in particular RNA viruses with higher replicative rates, FDA-approved agents such as herpes viruses, or polio/measles viruses with the ability to cross the blood-brain barrier) could also be adapted as antigen-delivery vehicles.[@bib25] This is an important consideration given potential variability in tumor susceptibility to vaccinia infection, suggesting that careful choice of vector may be necessary for each targeted tumor type. In addition, although the TK-deleted VV exhibited only minimal infection of non-tumor cells (T cells) in our model, other more tumor-selective stains, such as the double-deleted strain of vaccinia,[@bib26] could further mitigate off-target replication. Lastly, although we successfully infected ∼60% of tumor cells *in vivo* in lymphodepleted hosts, there is also potential for using multiple oncolytic viruses with alternate mechanisms of tumor selectivity in order to increase tumor coverage. For example, although VV has demonstrated impressive infectivity across tumor types,[@bib27], [@bib28], [@bib29] using multiple oncolytic viruses may be particularly useful to provide adequate coverage for variability in tumor entry receptor expression. For example, cell entry receptors for adenovirus include human coxsackie adenovirus receptor (hCAR), vascular cell adhesion molecule 1 (VCAM1), and CD46; whereas for herpes simplex they include herpesvirus entry mediator (HVEM), nectin 1, and nectin 2; and for pox viruses they include glycosaminoglycans (GAGs) and entry fusion complex (EFC).[@bib23]

The overall modest delays in tumor progression with the antigen-matched versus antigen-mismatched groups (∼50% increase in median survival from 17 to 26 days) may underestimate the efficacy of the combination therapy. For one, the standardized 5 Gy lymphodepletive TBI dose necessary for engrafting of CAR T cells and intratumoral spread of the vaccinia likely also had an independent therapeutic effect ([Figure S2](#mmc1){ref-type="supplementary-material"}), thereby decreasing the window with which an incremental benefit from the antigen-matched combination therapy could be observed. Moreover, even injection of Ctrl VV with mock T cells is likely to have a therapeutic effect from both direct viral lysis and cell-mediated anti-viral immunity, further narrowing this window. More dramatic effect sizes may be observed if the antigen-matched combination therapy is compared with non-therapy or chemotherapy.

Delivery of therapeutic agents to solid tumors also continues to be a limitation of many immunotherapies, and our approach is also hindered in this regard. Consistent with prior studies on the efficacy of CAR T cells against B16 melanomas,[@bib30] we showed that intravenous delivery of antigen-matched CAR T cells achieved only modest anti-tumor efficacy even when paired with TBI and exogenous cytokine, a result that necessitated intratumoral delivery of CAR T cells. Although this route of delivery has been the most effective in clinical trials for both oncolytic viruses[@bib18]^,^[@bib24] and CAR T cells,[@bib31] further work is necessary to achieve efficient intravenous delivery of both agents to treat disseminated disease. Indeed, oncolytic viruses have been shown[@bib32] to reshape the tumor microenvironment and promote recruitment of adoptively transferred T cells, and thus may be ideal partners in this regard.

There is also evidence that CAR T cells can induce epitope spreading and prime the endogenous anti-tumor response against otherwise non-immunogenic tumor neoantigens.[@bib13]^,^[@bib33] Future work will investigate whether the strategy described here can recapitulate this effect and trigger anti-tumor responses at non-treated tumor foci. This would in theory mitigate the need for viral infection of every malignant cell and CAR T cell delivery to all neoplastic lesions. CAR T cell therapy is thought to be uniquely well equipped to induce epitope via secretion of large quantities of interferon γ (IFNγ) and expression of high levels of CD40 ligand (CD40L),[@bib34] both of which are key to recruiting and activating antigen-presenting cells. As such, the combination therapy may achieve a degree of epitope spreading not achievable with viral monotherapy alone.

Lastly, although we use CD19 in our proof of concept given that the CD19 CAR is the most clinically advanced, future iterations will employ surface antigens and cognate CARs that are not expressed on healthy tissue to avoid unnecessary B cell aplasia. Examples include viral surface proteins not present in mammalian hosts or mammalian proteins that are expressed only embryonically, such as placental alkaline phosphatase. Truncated cell surface proteins that lack intracellular domains can also be considered in future iterations to minimize potential signaling that could occur with expression of an ectopic receptor. Regardless, we envision this approach to be first used to deliver existing CAR targets in solid tumors to augment antigen levels prior to therapy, or in the setting of antigen-low acquired resistance. Boosting existing antigen levels could be a particularly useful therapeutic indication because CAR T cells are notorious for requiring high antigen density for activation (∼10,000 antigens/cell versus ∼10 peptides/cell for native T cells).[@bib6] In this manner, we are optimistic that tumor engineering will emerge as a complementary approach to immune engineering in adoptive cell therapy.

Materials and Methods {#sec4}
=====================

Cell Lines {#sec4.1}
----------

B16 murine melanoma and HeLa human cervical cancer cells were obtained from American Type Cell Collection (Manassas, VA, USA), U2OS was obtained as a gift from Dr. Tobias Meyer, and SB28 murine glioma was obtained as a gift from Dr. Hideho Okada (University of California, San Francisco, San Francisco, CA, USA). Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% antibacterial/antimycotic solution (Thermo Fisher, Waltham, MA, USA), and maintained in a humidified, 5% CO~2~ incubator at 37°C. B16-TurboRFP/RLuc8 (*Renilla* Luciferase 8) and SB28-TurboRFP/RLuc8 cell lines were generated by lentiviral transduction followed by three rounds of sorting for the highest 2.5% of TurboRFP expressers. B16-mCD19 and B16-mCD19-TurboRFP/RLuc8 cell lines were generated by transfection with Lipofectamine 3000 (Thermo Fisher) and three rounds of sorting for the highest 2.5% of mCD19 expressers.

Murine T Cell Isolation and CAR T Cell Generation {#sec4.2}
-------------------------------------------------

Primary murine T cells were isolated from spleens of healthy 6- to 8-week-old C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) using the EasySep Mouse T Cell Isolation Kit (STEMCELL Technologies, Vancouver, BC, Canada) following manufacturer's instructions and activated for 24 h in RPMI supplemented with 10% FBS, 1% antibacterial/antimycotic solution, 50 μM 2-mercaptoethanol (Thermo Fisher), 10 ng/mL each of IL-2 and IL-7 (PeproTech, Rocky Hill, NJ, USA), and CD3/CD28 Mouse T cell Activation Dynabeads (Thermo Fisher) at a bead-to-cell ratio of 1:1. The mCD19 CAR retrovirus producer cell line was obtained as a gift from Dr. Crystal Mackall (Stanford University, Stanford, CA, USA). Retrovirus encoding the second generation mCD19 CAR with CD3ζ and CD28 co-stimulatory domains was centrifuged for 3 h at 3,200 rpm on non-adherent six-well plates that had been coated overnight at 4°C with 24 μg of RetroNectin (Takara Bio, Kusatsu, Shiga Prefecture, Japan) in 2 mL PBS/well. Viral supernatant was then removed, and 1 × 10^6^ naive T cells were added in 4 mL media/well. Mock T cells were maintained in identical activation conditions but were not transduced with the CAR vector. After 48 h of transduction, CD3/CD28 activation beads were removed, and both mock and transduced CAR T cells were transferred to fresh medium supplemented with 10 ng/mL each of IL-2 and IL-7. Transduction efficiency (generally 50%--60%) was measured by Protein L staining ([Figure S4](#mmc1){ref-type="supplementary-material"}) (Thermo Fisher) 24 h thereafter, and cells were used on the same day. Administered doses of CAR T cells were normalized based on transduction efficiency, and an equivalent number of total T cells were used in mock T cell conditions.

Recombinant VV Generation {#sec4.3}
-------------------------

mCD19 under control of the pLEO (synthetic late-early optimized promoter)[@bib35] was cloned into the previously described pSEM-1 vector[@bib21] that expresses Fluc and a YFP/guanine phosphoribosyltransferase fusion protein (YFP/GPT) under control of pE/L (early/late promoter) and p7.5 (vaccinia 7.5-kDa early promoter), respectively. U2OS cells were infected with the VV Copenhagen strain at an MOI of 0.01 for 2 h and then transfected with plasmid pE/L-YFP/GPT-p7.5-Fluc-pLEO-mCD19 using Lipofectamine 2000 (Thermo Fisher). The cells were incubated at 37°C for 4 h, the medium was replaced, and cells were cultured for an additional 48 h. Viruses were released from the cells by three freeze-thaw cycles at −80°C. The harvested viruses were used to infect a monolayer of U2OS cells. Virus inoculum was removed from the cells after 1.5 h, and complete DMEM containing 10% FBS and 1.5% carboxymethylcellulose (CMC) was added. YFP-positive virus plaques were plaque purified for six rounds of selection using U2OS cells. The plaque-purified virus was subject to 36% sucrose cushion purification and resuspended in Tris-HCl (pH 9.0).

Vaccinia Propagation and Titer Determination {#sec4.4}
--------------------------------------------

VVs were expanded in HeLa cells by infecting ∼95% confluent flasks at an MOI of 0.1 and harvesting the cells by mechanical scraping 48 h thereafter. Harvested cells were pelleted, resuspended in 40 mL of 1 mM Tris-HCl (pH 9.0), and subjected to three freeze-thaw cycles at −80°C to lyse the cells. Resulting cell debris was removed by centrifugation, and the cleared lysate was subjected to sucrose cushion purification with a 36% sucrose cushion. Viral pellets were resuspended in 1 mM Tris-HCl (pH 9.0) and stored at −80°C.

Viruses were titered by plaque assay using U2OS cells. In brief, 3.33 × 10^6^ cells were plated overnight in each well of a 12-well plate and infected with purified virus serially diluted in serum-free DMEM at 37°C. After 2 h, the virus was removed and replaced with complete DMEM containing 10% FBS and 1.5% CMC. After 3 days of incubation, the overlay was aspirated, and cells were washed once with PBS and stained with 1 mL of a 0.1% crystal violet solution in water (Sigma-Aldrich) for 10 min at room temperature. Cells were washed once with distilled water, and plaques were counted to determine viral titer.

Cytotoxicity Assays {#sec4.5}
-------------------

To evaluate the cytotoxicity of CAR or mock T cells as single agents, we plated 2 × 10^4^ B16-TurboRFP/RLuc8 or B16-TurboRFP/RLuc8-mCD19 cells in 100 μL of DMEM in black 96-well plates. The following day, T cells were added at specified E:T ratios based on the initial number of plated tumor cells, and a viable fraction of tumors cells was measured 24 and 48 h thereafter by comparing fractional bioluminescence signal from RLuc8 between treated and untreated wells. Imaging of RLuc8 was performed on an IVIS-50 system (PerkinElmer, Waltham, MA, USA) immediately after washing cells once with PBS and addition of 200 μL of 1 μg/mL coelenterazine (NanoLight Technologies, Pinetop, AZ, USA) to each well. Images were taken with an exposure time of 60 s, F-stop of 8, and medium binning.

In combination studies with both VV and T cells, B16-TurboRFP/RLuc8 or SB28-TurboRFP/RLuc cells were instead plated at 10^4^ cells/well (to account for longer duration of experiment) in 100 μL DMEM. The following day, the media were removed and replaced with 150 μL DMEM containing either Ctrl or mCD19 VV at an MOI of 0.2 (B16), 0.05 (SB28), or 0.1 (B16-mCD19~low~). After 48 h of infection, T cells were added at an E:T ratio of 4:1 (B16 and SB28) or 1:1 (B16-mCD19~low~) relative to initial number of plated cells (given the time delay from initial cell plating), and viability was assayed as previously described.

Tumor Harvesting {#sec4.6}
----------------

Resected B16 tumors were digested in 4 mL Hank's balanced salt solution (HBSS) containing 10 μg/mL DNase I (Sigma-Aldrich) and 100 μg/mL Liberase TL (Roche, Basel, Switzerland) for 60 min at 37°C. The solution was then diluted with PBS, filtered through a 70-μm filter, and spun at 300 × *g* for 5 min. Cells were resuspended in 1 mL ACK lysis buffer (Thermo Fisher) on ice for 5 min, washed once with PBS, and finally resuspended in PBS for staining.

Flow Cytometry {#sec4.7}
--------------

Single-cell suspensions were first stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher) following the manufacturer's instructions and then resuspended for 10 min in 100 μL fluorescence-activated cell sorting (FACS) buffer (PBS + 2% FBS) with 1 μg/10^6^ TruStain FcX Antibody (BioLegend, San Diego, CA, USA) to block Fc receptors. When measuring rates of *in vivo* infection, both live and dead tumor cells were included in the analysis to better estimate rates of transduction. Flow antibodies were used at a concentration of 0.2 μg/10^6^ cells in 100 μL volume when the concentration was provided and following the manufacturer's instructions if the concentration was unspecified. The following antibodies were used for staining: BUV395 Hamster Anti-Mouse CD3e Clone 145-2C11 (CAT\#563565; BD Biosciences, San Jose, CA, USA), PerCP/Cyanine5.5 Rat Anti-Mouse CD4 Clone RM4-5 (CAT\#100540; BioLegend), Brilliant Violet 650 Rat Anti-Mouse CD19 Clone 6D5 (CAT\#115541; BioLegend), PE Rat Anti-Mouse CD19 Clone 6D5 (CAT\#115508; BioLegend), APC Rat Anti-Mouse CD19 Clone 6D5 (CAT\#115512; BioLegend), PE-CF594 Hamster Anti-Mouse CD69 Clone H1.2F3 (CAT\#562455; BD Biosciences), and APC Rat Anti-Mouse OX40 Clone OX-86 (CAT\#119414; BioLegend). Following staining for 20 min on ice, cells were washed once with PBS, fixed in 4% paraformaldehyde for 20 min on ice, washed twice with FACS buffer, and resuspended in FACS buffer for analysis on a LSRII analyzer (Becton Dickinson, Franklin Lakes, NJ, USA).

*In Vivo* Therapy Studies {#sec4.8}
-------------------------

All animal experiments were performed under a protocol approved by the Stanford University Administrative Panels on Laboratory Animal Care (APLAC) and conducted in accordance with ethical guidelines prescribed therein. Six- to eight-week-old female C57BL/6 were implanted subcutaneously on the right shoulder with between 5 × 10^5^ and 10^6^ B16 or B16-mCD19 cells in 50--75 μL PBS. Tumors were allowed to grow for, on average, 7 days, and therapy was initiated once tumors reached an average volume of 25--50 mm^3^. Mice were irradiated with 5 Gy, administered 10^7^ intratumoral CAR or mock T cells in 50 μL PBS, and injected intratumorally with 10^8^ PFUs VV in 30 μL PBS on the first day of therapy. Vaccinia was administered again on days 3 and 5 for a total of three injections. Mice receiving T cells also received intraperitoneal injections of 10 μg recombinant human IL-2 (PeproTech, Rocky Hill, NJ, USA) twice daily for the first 3 days of the therapy. Tumor size was measured by caliper every third day, and mice were sacrificed if any dimension exceeded 15 mm or ulceration exceeded 0.5 cm^2^.

Statistical Analysis {#sec4.9}
--------------------

Statistical analysis was performed using ordinary one-way ANOVA or two-tailed unpaired t tests. Statistical differences in survival curves were determined using Mantel-Cox tests. All statistical analysis was performed in GraphPad Prism Version 8.0.2 (San Diego, CA, USA).
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